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Abstract
The notion of the quantum angle is introduced. The quantum angle turns out to be a metric on the set
of physical states of a quantum system. Its kinematics and dynamics is studied. The certainty principle for
quantum systems is formulated and proved. It turns out that the certainty principle is closely connected with the
Heisenberg uncertainty principle (it presents, in some sense, an opposite point of view). But at the same time
the certainty principle allows to give rigorous formulations for wider class of problems (it allows to rigorously
interpret and ground the analogous inequalities for the pairs of quantities like time - energy, angle - angular
momentum etc.)
The quantum angle and the certainty principle
The notion of the quantum angle. As it is known, the set of states of any quantum system forms a complex
Hilbert space. We will denote it H .
Elements of the space H we will denote as a, b . . . ∈ H .
The scalar product in H we will write as 〈a|b〉 . It is linear with respect to the second argument and anti-linear
with respect to the first one.
The norm of a vector a we will denote as ‖a‖ = 〈a|a〉1/2 .
Consider two non-zero vectors a, b ∈ H . Let us define between them the quantum angle by the formula:
∠(a, b) = arccos
∣∣〈a|b〉∣∣
‖a‖ ‖b‖
.
According to Cauchy-Bunyakovsky-Schwarz inequality, under the function arccos we have the value that is not
greater than unity. Therefore, the quantum angle is a real number:
∠(a, b) ∈ R , 0 6 ∠(a, b) 6
pi
2
.
For simplification of formulas we will later on always work with normalized vectors: ‖a‖ = 1 , ‖b‖ = 1 . In this
case the formula for the angle is written simply as:
∠(a, b) = arccos
∣∣〈a|b〉∣∣ .
Geometry of quantum angle. Let us consider the two extreme cases: ∠(a, b) = 0 and ∠(a, b) = pi/2 .
According to the Parseval equality, the first case takes place when the vectors differ only by phase factor:
∠(a, b) = 0 ⇐⇒ a ‖ b .
From physical point of view, we can say that the corresponding quantum states are identical.
The second case takes place when vectors are orthogonal:
∠(a, b) =
pi
2
⇐⇒ a ⊥ b .
∗http://daarb.narod.ru/ , http://wave.front.ru/
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In this case we can say that the corresponding quantum states are completely different.
Implying this physical terminology, which is used in the considered extreme cases, let us introduce also the following
definition. Let us say that the states described by the vectors a and b differ not-substantially, if ∠(a, b) < 1 ;
let us also say that the states differ substantially, if ∠(a, b) > 1 .
T h e o r e m. For any three vectors a, b, c ∈ H the inequality takes place (“the triangle inequality”):
∠(a, c) 6 ∠(a, b) + ∠(b, c) .
In order to prove this theorem, let us first notice that, so far as the inequality is proved for three vectors, we can
bound ourself with the case when the Hilbert space H is three dimensional: H = C3 .
Multiplying the vectors a , b , and c by appropriate factors and choosing orthonormal basis in H appropriately,
we can achieve that components of these vectors take the form:
a = ( 1 0 0 ) , b = ( b1 z b3 ) , c = ( c1 c2 0 ) ,
where c1, c2, b1, b3 ∈ [0; 1] are real non-negative numbers, and z ∈ C is complex.
Let us introduce also the auxiliary vector b′ :
b′ = ( b1 |z| b3 ) .
We have:
∠(b′, c) = arccos
(
b1c1 + |z| c2
)
6 arccos | b1c1 + zc2 | = ∠(b, c) .
So far as the three vectors a , b′ , and c have real coordinates and unit lengths, the triangle inequality for them
is the well known triangle inequality on the sphere in the real three-dimensional Euclidean space:
∠(a, c) 6 ∠(a, b′) + ∠(b′, c) .
Combining the obtained inequalities we get:
∠(a, c) 6 ∠(a, b′) + ∠(b′, c) = ∠(a, b) + ∠(b′, c) 6 ∠(a, b) + ∠(b, c) 
Summarizing what was said above, we can say that the quantum angle ∠ , considered as a function on the set of
pairs of physical quantum states (considered to phase factor), is a metric.
T h e o r e m. The metric space of physical quantum states with the metric ∠ is complete.
The proof of this theorem is not difficult, but it requires substantial technical work. So we omit it here.
Kinematics of quantum angle. Let now the vector r depend on the real parameter t : t ∈ R , r(t) ∈ H ,
‖ r(t) ‖ = 1 .
Let us define the quantum velocity v(t) by the formula:
v(t) = r˙(t) = lim
δt→0
r(t+ δt)− r(t)
δt
.
Let us define also the quantum angular speed ω(t) by the formula:
ω(t) = lim
δt→0
∠
(
r(t + δt) , r(t)
)
| δt |
.
In order to express ω(t) through v(t) let us decompose v(t) into the two orthogonal components:
v‖(t) = r(t) 〈r(t)|v(t)〉 , v⊥(t) = v(t) − v‖(t) .
T h e o r e m. The quantum angular speed is equal to the norm of the orthogonal component of the quantum
velocity:
ω(t) = ‖ v⊥(t) ‖ .
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In order to prove this theorem let us use the Parseval equality to change arccos to arcsin :
∠
(
r(t+ δt) , r(t)
)
= arccos
∣∣ 〈 r(t + δt) | r(t) 〉 ∣∣ =
= arcsin
∥∥ r(t+ δt)− r(t) 〈 r(t) | r(t + δt) 〉∥∥ =
= arcsin
∥∥ r(t + δt) − r(t) − r(t) 〈 r(t) | r(t + δt)− r(t) 〉∥∥ =
= arcsin
∥∥ v(t) δt + o(δt) − r(t) 〈 r(t) | v(t) δt + o(δt) 〉∥∥ =
= arcsin
∥∥∥ (v(t) − r(t) 〈 r(t) | v(t) 〉) δt + o(δt)
∥∥∥ =
= arcsin
∥∥ v⊥(t) δt + o(δt)∥∥ = arcsin ( ‖v⊥(t)‖ |δt| + o(δt) ) =
= ‖v⊥(t)‖ |δt| + o(δt) 
T h e o r e m. The quantum angle satisfy the estimate:
∠
(
r(t2) , r(t1)
)
6
∣∣∣∣
∫ t2
t1
ω(t) dt
∣∣∣∣ . (1)
For the proof let us use the triangle inequality:
∣∣∣∠( r(t+ δt) , r(t1) )− ∠( r(t) , r(t1) )
∣∣∣ 6 ∠( r(t + δt) , r(t) ) .
Dividing by |δt| and taking the limit δt→ 0 , we get:
∣∣∣∣ ddt ∠
(
r(t) , r(t1)
) ∣∣∣∣ 6 ω(t) .
Performing integration from t1 to t2 , we get the desired inequality. 
In fact, the estimate (1) is the best. Namely, there is the following
T h e o r e m. The quantum angle between two vectors r1 and r2 can be expressed by the formula:
∠ ( r2 , r1 ) = min
∣∣∣∣
∫ t2
t1
ω(t) dt
∣∣∣∣ ,
where the minimum is taken among all curves r(t) with ends in r1 and r2 : r(t1) = r1 , r(t2) = r2 .
For the proof of the theorem let us twist the phase of r2 , r2 → r
′
2 = e
iαr2 , so that 〈r
′
2|r1〉 become real and
〈r′2|r1〉 ∈ [0, 1] .
Let us consider the linear shell of r′2 and r1 , L(r
′
2, r1) . There we can choose an orthonormal basis so that
r1 = ( 1 0 ) , r
′
2 = ( a b ) ,
where a, b ∈ [0, 1] are real non-negative numbers.
Considering then r′2 and r1 as real vectors on Euclidean plane we see that it is possible to stretch the circular
arc between them where the estimation integral is exactly equal to the quantum angle. 
Dynamics of quantum angle. Let us have now a strongly continuous one-parameter unitary group U(δs) =
e− i δsA/~ , where A = A∗ is a self-adjoint operator in the space of states H (it is called the infinitesimal generator
of U(δs) ); δs ∈ R is the parameter of the group; ~ ∈ R is the Planck’s constant.
And suppose now that the dependence of state vector on the parameter δs is defined by the formula:
r(δs) = | δs 〉 = U(δs) 〉 = e− i δsA/~ 〉 .
Here | δs 〉 ∈ H is another notation for the state vector connected with parameter equal to δs ; 〉 ∈ H is a fixed
ket-vector of state.
Let us suppose that the function r(δs) is differentiable. Then the quantum velocity is expressed by the formula:
v(δs) = 1i~ Ae
− i δsA/~ 〉 = 1i~ A | δs 〉 .
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The mean of the operator A does not depend on time:
A = 〈 δs |A | δs 〉 = 〈 e+ i δsA/~Ae− i δsA/~ 〉 = 〈Ae+ i δsA/~ e− i δsA/~ 〉 = 〈A 〉 .
Therefore the components of the quantum velocity can be written just as:
v‖(δs) = | δs 〉 〈 δs |
1
i~ A | δs 〉 =
1
i~ A | δs 〉
v⊥(δs) =
1
i~
(
A− A
)
| δs 〉 .
The quantum angular speed turns out to be independent of time also:
ω(δs) = ‖ v⊥(δs) ‖ =
1
~
〈 δs |
(
A−A
)2
| δs 〉1/2 = 1
~
〈 e+ i δsA/~
(
A−A
)2
e− i δsA/~ 〉1/2 =
= 1
~
〈
(
A−A
)2
e+ i δsA/~ e− i δsA/~ 〉1/2 = 1
~
〈
(
A−A
)2
〉1/2 = 1
~
∆〉A .
Here ∆〉A is a short notation for the standard deviation of A in the state 〉 .
Consider now how the quantum angle ∠( | δs 〉 , 〉 ) behaves in this case. Using for it the estimate (1) we have:
∠( | δs 〉 , 〉 ) 6
∣∣∣∣∣
∫ δs
0
ω(σ) dσ
∣∣∣∣∣ = 1~ |δs|∆〉A .
From this inequality we obtain the
T h e o r e m. So that under the action of strongly continuous one-parameter unitary group U(δs) = e− i δsA/~
the initial state vector 〉 changes substantially, it is necessary to satisfy the inequality:
|δs|∆〉A > ~ (2)
By the example of the Schro¨dinger particle we will see that this theorem turns out to be closely connected with
the Heisenberg uncertainty principle, but has other meaning. Taking into account this connection, we can name
this theorem the certainty principle.
The inequality expressing the certainty principle can be written also in the following way:
∆〉(δsA) > ~ (3)
In this form it can be naturally carried over to the case when δs and A are matrices.
Examples
One-dimensional Schro¨dinger particle. Consider the one-dimensional Schro¨dinger particle with the coordi-
nate defined by the variable x . Its state vector can be written by the wave function ψ(x) . In its space of states
the group of shifts acts by the formula:
U(δx)ψ(x) = ψ(x − δx) .
This group can be written in the form:
U(δx) = e− i δx P/~ , P = − i~
d
dx
.
Here P is the operator of momentum.
Applying the certainty principle in the form (2), we get:
|δx|∆ψ(x)P > ~ .
If we take as ψ(x) a well localized packet of de Broglie waves, that turns into zero outside of some interval l ,
then from this inequality, in particular, we have that l > ~/∆ψ(x)P : because when the packet is moved to the
distance l , the change of the quantum angle must turn out to be greater than 1 (namely, pi/2 ).
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So, the Heisenberg uncertainty principle, if it is understood in qualitative sense, follows from the certainty principle.
But if we understand the Heisenberg uncertainty principle in quantitative sense, according to the Pauli-Weyl
inequality
∆ψ(x)X∆ψ(x)P >
~
2
, (4)
then there is no direct connection between these two principles.
Furthermore, from physical point of view, the Heisenberg uncertainty principle and the certainty principle are like
two points of view on the spread of the wave packet. The Heisenberg uncertainty principle says, that the wave
packet is spread, because the classical state of the particle is badly defined. On the other hand, the certainty
principle states, that the wave packet is spread, because the quantum state is well defined.
To the three-dimensional case the certainty principle is easily generalized in the form (3):
∆ψ(x) ( δxi Pi ) > ~ ,
where summation over i is implied.
Schro¨dinger particle on circle. Consider now a plane with Cartesian coordinates x and y . Let us have the
circle x2 + y2 = 1 defined on the plane. On this circle as one-dimensional coordinate we can use the polar angle
ϕ , considered to 2pi .
The state vector of the Schro¨dinger particle on this circle can be written by the wave function ψ(ϕ) . And
ψ(ϕ+ 2pi) = ψ(ϕ) .
In the space of states the action of the rotation group is naturally defined:
U(δϕ)ψ(ϕ) = ψ(ϕ− δϕ) .
This group can be written in the form:
U(δϕ) = e− i δϕ J/~ , J = − i~
d
dϕ
.
Here J is the operator of angular momentum.
Using the certainty principle does not arise any difficulties:
|δϕ|∆ψ(ϕ)J > ~ .
As regards the uncertainty principle, a carrying over of the inequality (4) to this case is impossible1.
In the three-dimensional case the certainty principle also easily gives:
∆ψ(x,y,z) ( δϕi Ji ) > ~ .
A system with Hamiltonian independent of time. Let us have now a quantum system with a Hamiltonian
H independent of time. On the space of states we have the following action of the group of time shifts:
U(δt) 〉 = e− i δt (−H)/~〉 .
The certainty principle in this case immediately gives:
|δt|∆〉H > ~ .
If we apply this formula, for example, to estimation of the life time of a quasi-stationary decaying state, then it
states that its typical life time is not less than Planck’s constant divided by the width of the corresponding energy
level. And here all the terms can be defined with exact mathematical sense.
As regards to attempts to formulate the Heisenberg uncertainty principle for values time - energy, after Bohr has
declared such a principle (in qualitative sense) so many researches and discussions were performed for clarification
of its sense, that it is possible to write about them a separate review. As far as I know, a rigorous formulation of
the uncertainty principle for this case have not been formulated till now2.
1About some attempts that were made to suggest an inequality like (4), see [1].
2See also the discussion of this question by J. Baez [2].
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Relativistic systems. Consider now any relativistic quantum system. On its space of states the Poincare group
acts. As an example of such a system any RCQ-quantized field can serve3 [3, 4]. And let us restrict ourself to the
discussion of the case when the field turns out quantized in the usual Hilbert space.
In this case the application of the certainty principle does not meet any difficulties:
∆〉 (− δxµ Pµ +
1
2 δωµν Jµν ) > ~ ,
where Pµ is the vector operator of energy-momentum, Jµν is the tensor operator of four-dimensional angular
momentum, δxµ and δωνρ are the standard logarithmic coordinates of the Poincare group.
As regards to the application of the Heisenberg uncertainty principle, it is unlikely to be possible. In the previous
paragraph we have seen that for the values time - energy it arose great difficulties.
In this connection, even from the ideas relativistic invariance it is clear that even for coordinates and momenta the
situation cannot be simple. And it turns out to be true, because it is known that all attempts to introduce the
notion of coordinates (as self-adjoint operators on the space of states) for relativistic systems are quite artificial4.
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Ïðèíöèï îïðåäåë¼ííîñòè
Ä. À. Àðáàòñêèé
∗
27 èþëÿ 2018 ã.
Àííîòàöèÿ
Ââîäèòñÿ ïîíÿòèå êâàíòîâîãî óãëà. Êâàíòîâûé óãîë îêàçûâàåòñÿ ìåòðèêîé íà ìíîæåñòâå èçè÷åñêèõ
ñîñòîÿíèé êâàíòîâîé ñèñòåìû. Èçó÷àåòñÿ åãî êèíåìàòèêà è äèíàìèêà. Ôîðìóëèðóåòñÿ è äîêàçûâàåòñÿ
ïðèíöèï îïðåäåë¼ííîñòè äëÿ êâàíòîâûõ ñèñòåì. Ïðèíöèï îïðåäåë¼ííîñòè îêàçûâàåòñÿ òåñíî ñâÿçàííûì ñ
ïðèíöèïîì íåîïðåäåë¼ííîñòè åéçåíáåðãà (ïðåäñòàâëÿåò, â îïðåäåë¼ííîì ñìûñëå, îáðàòíóþ òî÷êó çðåíèÿ).
Ïðè ýòîì ïðèíöèï îïðåäåë¼ííîñòè ïîçâîëÿåò äàòü ñòðîãèå îðìóëèðîâêè äëÿ áîëåå øèðîêîãî êëàññà
çàäà÷ (óäà¼òñÿ ñòðîãî èñòîëêîâàòü è îáîñíîâàòü àíàëîãè÷íûå íåðàâåíñòâà äëÿ ïàð âåëè÷èí òèïà âðåìÿ -
ýíåðãèÿ, óãîë - ìîìåíò èìïóëüñà è ò. ï.)
Êâàíòîâûé óãîë è ïðèíöèï îïðåäåë¼ííîñòè
Ïîíÿòèå êâàíòîâîãî óãëà. Êàê èçâåñòíî, ìíîæåñòâî ñîñòîÿíèé ëþáîé êâàíòîâîé ñèñòåìû îáðàçóåò êîìïëåêñíîå
ãèëüáåðòîâî ïðîñòðàíñòâî. Ìû áóäåì îáîçíà÷àòü åãî H .
Ýëåìåíòû ïðîñòðàíñòâà H áóäåì îáîçíà÷àòü êàê a, b . . . ∈ H .
Ñêàëÿðíîå ïðîèçâåäåíèå â H áóäåì çàïèñûâàòü êàê 〈a|b〉 . Îíî ëèíåéíî ïî âòîðîìó àðãóìåíòó è àíòèëèíåéíî
ïî ïåðâîìó.
Íîðìó âåêòîðà a áóäåì îáîçíà÷àòü êàê ‖a‖ = 〈a|a〉1/2 .
àññìîòðèì äâà íåíóëåâûõ âåêòîðà a, b ∈ H . Îïðåäåëèì ìåæäó íèìè êâàíòîâûé óãîë îðìóëîé:
∠(a, b) = arccos
∣∣〈a|b〉∣∣
‖a‖ ‖b‖
.
Â ñîîòâåòñòâèè ñ íåðàâåíñòâîì Êîøè-Áóíÿêîâñêîãî-Øâàðöà, ïîä çíàêîì arccos ñòîèò âåëè÷èíà, íå ïðåâîñõîäÿùàÿ
åäèíèöû. Ñëåäîâàòåëüíî, êâàíòîâûé óãîë ÿâëÿåòñÿ âåùåñòâåííûì ÷èñëîì:
∠(a, b) ∈ R , 0 6 ∠(a, b) 6
pi
2
.
Äëÿ óïðîùåíèÿ îðìóë äàëåå ìû áóäåì âñåãäà ðàáîòàòü ñ íîðìèðîâàííûìè âåêòîðàìè: ‖a‖ = 1 , ‖b‖ = 1 .
Â ýòîì ñëó÷àå îðìóëà äëÿ óãëà çàïèñûâàåòñÿ ïðîñòî êàê:
∠(a, b) = arccos
∣∣〈a|b〉∣∣ .
åîìåòðèÿ êâàíòîâîãî óãëà. àññìîòðèì äâà êðàéíèõ ñëó÷àÿ: ∠(a, b) = 0 è ∠(a, b) = pi/2 .
Â ñîîòâåòñòâèè ñ ðàâåíñòâîì Ïàðñåâàëÿ, ïåðâûé ñëó÷àé èìååò ìåñòî, êîãäà âåêòîðû îòëè÷àþòñÿ ëèøü
àçîâûì ìíîæèòåëåì:
∠(a, b) = 0 ⇐⇒ a ‖ b .
Ñ èçè÷åñêîé òî÷êè çðåíèÿ, ìîæíî ñêàçàòü, ÷òî ñîîòâåòñòâóþùèå êâàíòîâûå ñîñòîÿíèÿ îäèíàêîâû.
Âòîðîé ñëó÷àé èìååò ìåñòî, êîãäà âåêòîðû îðòîãîíàëüíû:
∠(a, b) =
pi
2
⇐⇒ a ⊥ b .
∗
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Â ýòîì ñëó÷àå ìîæíî ñêàçàòü, ÷òî ñîîòâåòñòâóþùèå êâàíòîâûå ñîñòîÿíèÿ ïîëíîñòüþ ðàçëè÷íû.
Èìåÿ â âèäó ýòó èçè÷åñêóþ òåðìèíîëîãèþ, óïîòðåáëÿåìóþ â ðàññìîòðåííûõ êðàéíèõ ñëó÷àÿõ, ââåä¼ì
òàêæå ñëåäóþùåå îïðåäåëåíèå. Áóäåì ãîâîðèòü, ÷òî ñîñòîÿíèÿ, îïèñûâàåìûå âåêòîðàìè a è b , îòëè÷àþòñÿ
íåñóùåñòâåííî, åñëè ∠(a, b) < 1 ; òàêæå áóäåì ãîâîðèòü, ÷òî ñîñòîÿíèÿ îòëè÷àþòñÿ ñóùåñòâåííî, åñëè
∠(a, b) > 1 .
Ò å î ð å ì à. Äëÿ ëþáûõ òð¼õ âåêòîðîâ a, b, c ∈ H èìååò ìåñòî íåðàâåíñòâî (

íåðàâåíñòâî òðåóãîëüíè-
êà):
∠(a, c) 6 ∠(a, b) + ∠(b, c) .
×òîáû äîêàçàòü ýòó òåîðåìó, çàìåòèì ñíà÷àëà, ÷òî, ïîñêîëüêó íåðàâåíñòâî äîêàçûâàåòñÿ äëÿ òð¼õ âåêòîðîâ,
ìîæíî îãðàíè÷èòüñÿ ñëó÷àåì, êîãäà ãèëüáåðòîâî ïðîñòðàíñòâî H òð¼õìåðíî: H = C3 .
Äîìíîæàÿ âåêòîðû a , b è c íà ïîäõîäÿùèå ìíîæèòåëè è âûáèðàÿ îðòîíîðìèðîâàííûé áàçèñ â H íàäëåæàùèì
îáðàçîì, ìîæíî äîáèòüñÿ òîãî, ÷òîáû êîìïîíåíòû ýòèõ âåêòîðîâ ïðèíÿëè âèä:
a = ( 1 0 0 ) , b = ( b1 z b3 ) , c = ( c1 c2 0 ) ,
ãäå c1, c2, b1, b3 ∈ [0; 1]  âåùåñòâåííûå íåîòðèöàòåëüíûå ÷èñëà, à z ∈ C êîìïëåêñíî.
Ââåä¼ì òàêæå âñïîìîãàòåëüíûé âåêòîð b′ :
b′ = ( b1 |z| b3 ) .
Èìååì:
∠(b′, c) = arccos
(
b1c1 + |z| c2
)
6 arccos | b1c1 + zc2 | = ∠(b, c) .
Ïîñêîëüêó òðè âåêòîðà a , b′ è c èìåþò âåùåñòâåííûå êîîðäèíàòû è åäèíè÷íûå äëèíû, äëÿ íèõ íåðàâåíñòâî
òðåóãîëüíèêà  ýòî õîðîøî èçâåñòíîå íåðàâåíñòâî òðåóãîëüíèêà íà ñåðå â âåùåñòâåííîì òð¼õìåðíîì åâêëèäîâîì
ïðîñòðàíñòâå:
∠(a, c) 6 ∠(a, b′) + ∠(b′, c) .
Êîìáèíèðóÿ ïðèâåä¼ííûå íåðàâåíñòâà, ïîëó÷àåì:
∠(a, c) 6 ∠(a, b′) + ∠(b′, c) = ∠(a, b) + ∠(b′, c) 6 ∠(a, b) + ∠(b, c) 
åçþìèðóÿ ñêàçàííîå âûøå, ìîæíî ñêàçàòü, ÷òî êâàíòîâûé óãîë ∠ , ðàññìàòðèâàåìûé êàê óíêöèÿ íà
ìíîæåñòâå ïàð èçè÷åñêèõ êâàíòîâûõ ñîñòîÿíèé (ðàññìàòðèâàåìûõ ñ òî÷íîñòüþ äî àçîâîãî ìíîæèòåëÿ),
ÿâëÿåòñÿ ìåòðèêîé.
Ò å î ð å ì à. Ìåòðè÷åñêîå ïðîñòðàíñòâî èçè÷åñêèõ êâàíòîâûõ ñîñòîÿíèé ñ ìåòðèêîé ∠ ïîëíî.
Äîêàçàòåëüñòâî ýòîé òåîðåìû íå ñëîæíî, íî òðåáóåò çíà÷èòåëüíîé òåõíè÷åñêîé ðàáîòû. Ïîýòîìó ìû åãî çäåñü
îïóñòèì.
Êèíåìàòèêà êâàíòîâîãî óãëà. Ïóñòü òåïåðü âåêòîð r çàâèñèò îò âåùåñòâåííîãî ïàðàìåòðà t : t ∈ R ,
r(t) ∈ H , ‖ r(t) ‖ = 1 .
Îïðåäåëèì êâàíòîâóþ ñêîðîñòü v(t) ðàâåíñòâîì:
v(t) = r˙(t) = lim
δt→0
r(t+ δt)− r(t)
δt
.
Îïðåäåëèì òàêæå êâàíòîâóþ óãëîâóþ ñêîðîñòü ω(t) ðàâåíñòâîì:
ω(t) = lim
δt→0
∠
(
r(t + δt) , r(t)
)
| δt |
.
×òîáû âûðàçèòü ω(t) ÷åðåç v(t) ðàçëîæèì v(t) íà äâå îðòîãîíàëüíûå ñîñòàâëÿþùèå:
v‖(t) = r(t) 〈r(t)|v(t)〉 , v⊥(t) = v(t) − v‖(t) .
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Ò å î ð å ì à. Êâàíòîâàÿ óãëîâàÿ ñêîðîñòü ðàâíà íîðìå îðòîãîíàëüíîé ñîñòàâëÿþùåé êâàíòîâîé ñêîðîñòè:
ω(t) = ‖ v⊥(t) ‖ .
×òîáû äîêàçàòü ýòó òåîðåìó, èñïîëüçóåì ðàâåíñòâî Ïàðñåâàëÿ äëÿ çàìåíû arccos íà arcsin :
∠
(
r(t+ δt) , r(t)
)
= arccos
∣∣ 〈 r(t + δt) | r(t) 〉 ∣∣ =
= arcsin
∥∥ r(t+ δt)− r(t) 〈 r(t) | r(t + δt) 〉∥∥ =
= arcsin
∥∥ r(t + δt) − r(t) − r(t) 〈 r(t) | r(t + δt)− r(t) 〉∥∥ =
= arcsin
∥∥ v(t) δt + o(δt) − r(t) 〈 r(t) | v(t) δt + o(δt) 〉∥∥ =
= arcsin
∥∥∥ (v(t) − r(t) 〈 r(t) | v(t) 〉) δt + o(δt)
∥∥∥ =
= arcsin
∥∥ v⊥(t) δt + o(δt)∥∥ = arcsin ( ‖v⊥(t)‖ |δt| + o(δt) ) =
= ‖v⊥(t)‖ |δt| + o(δt) 
Ò å î ð å ì à. Äëÿ êâàíòîâîãî óãëà ñïðàâåäëèâà îöåíêà:
∠
(
r(t2) , r(t1)
)
6
∣∣∣∣
∫ t2
t1
ω(t) dt
∣∣∣∣ . (1)
Äëÿ äîêàçàòåëüñòâà âîñïîëüçóåìñÿ íåðàâåíñòâîì òðåóãîëüíèêà:
∣∣∣∠( r(t+ δt) , r(t1) )− ∠( r(t) , r(t1) )
∣∣∣ 6 ∠( r(t + δt) , r(t) ) .
Ïîäåëèâ íà |δt| è ïåðåõîäÿ ê ïðåäåëó δt→ 0 , ïîëó÷àåì:
∣∣∣∣ ddt ∠
(
r(t) , r(t1)
) ∣∣∣∣ 6 ω(t) .
Èíòåãðèðóÿ îò t1 äî t2 , ïîëó÷àåì äîêàçûâàåìîå íåðàâåíñòâî. 
Â äåéñòâèòåëüíîñòè, îöåíêà (1) ÿâëÿåòñÿ íàèëó÷øåé. Èìåííî, ñïðàâåäëèâà ñëåäóþùàÿ
Ò å î ð å ì à. Êâàíòîâûé óãîë ìåæäó äâóìÿ âåêòîðàìè r1 è r2 ìîæåò áûòü çàäàí îðìóëîé:
∠ ( r2 , r1 ) = min
∣∣∣∣
∫ t2
t1
ω(t) dt
∣∣∣∣ ,
ãäå ìèíèìóì áåð¼òñÿ ñðåäè âñåõ êðèâûõ r(t) ñ êîíöàìè â r1 è r2 : r(t1) = r1 , r(t2) = r2 .
Äëÿ äîêàçàòåëüñòâà òåîðåìû ïîäêðóòèì àçó r2 , r2 → r
′
2 = e
iαr2 , òàê, ÷òîáû 〈r
′
2|r1〉 áûëî âåùåñòâåííî è
〈r′2|r1〉 ∈ [0, 1] .
Äàëåå, ðàññìîòðèì ëèíåéíóþ îáîëî÷êó r′2 è r1 , L(r
′
2, r1) . Â íåé ìîæíî âûáðàòü îðòîíîðìèðîâàííûé áàçèñ
òàê, ÷òîáû
r1 = ( 1 0 ) , r
′
2 = ( a b ) ,
ãäå a, b ∈ [0, 1]  âåùåñòâåííûå íåîòðèöàòåëüíûå ÷èñëà.
àññìàòðèâàÿ äàëåå r′2 è r1 êàê âåùåñòâåííûå âåêòîðû íà åâêëèäîâîé ïëîñêîñòè, çàìå÷àåì, ÷òî ìåæäó
íèìè ìîæíî ïðîâåñòè äóãó, íà êîòîðîé îöåíî÷íûé èíòåãðàë êàê ðàç ðàâíÿåòñÿ êâàíòîâîìó óãëó. 
Äèíàìèêà êâàíòîâîãî óãëà. Ïóñòü òåïåðü ìû èìååì ñèëüíî íåïðåðûâíóþ îäíîïàðàìåòðè÷åñêóþ óíèòàðíóþ
ãðóïïó U(δs) = e− i δsA/~ , ãäå A = A∗  ñàìîñîïðÿæ¼ííûé îïåðàòîð â ïðîñòðàíñòâå ñîñòîÿíèé H (îí
íàçûâàåòñÿ èíèíèòåçèìàëüíûì ãåíåðàòîðîì U(δs) ); δs ∈ R  ïàðàìåòð ãðóïïû; ~ ∈ R  ïîñòîÿííàÿ
Ïëàíêà.
È ïóñòü òåïåðü çàâèñèìîñòü âåêòîðà ñîñòîÿíèÿ îò ïàðàìåòðà δs çàäà¼òñÿ îðìóëîé:
r(δs) = | δs 〉 = U(δs) 〉 = e− i δsA/~ 〉 .
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Çäåñü | δs 〉 ∈ H  äðóãîå îáîçíà÷åíèå âåêòîðà ñîñòîÿíèÿ ïðè ïàðàìåòðå, ðàâíîì δs ; 〉 ∈ H èêñèðîâàííûé
êåò-âåêòîð ñîñòîÿíèÿ.
Áóäåì ïîëàãàòü, ÷òî óíêöèÿ r(δs) äèåðåíöèðóåìà. Òîãäà êâàíòîâàÿ ñêîðîñòü âûðàæàåòñÿ îðìóëîé:
v(δs) = 1i~ Ae
− i δsA/~ 〉 = 1i~ A | δs 〉 .
Ñðåäíåå çíà÷åíèå îïåðàòîðà A íå çàâèñèò îò âðåìåíè:
A = 〈 δs |A | δs 〉 = 〈 e+ i δsA/~Ae− i δsA/~ 〉 = 〈Ae+ i δsA/~ e− i δsA/~ 〉 = 〈A 〉 .
Ïîýòîìó ñîñòàâëÿþùèå êâàíòîâîé ñêîðîñòè ìîãóò áûòü ïðîñòî çàïèñàíû êàê:
v‖(δs) = | δs 〉 〈 δs |
1
i~ A | δs 〉 =
1
i~ A | δs 〉
v⊥(δs) =
1
i~
(
A−A
)
| δs 〉 .
Êâàíòîâàÿ óãëîâàÿ ñêîðîñòü îêàçûâàåòñÿ òàêæå íåçàâèñÿùåé îò âðåìåíè:
ω(δs) = ‖ v⊥(δs) ‖ =
1
~
〈 δs |
(
A−A
)2
| δs 〉1/2 = 1
~
〈 e+ i δsA/~
(
A−A
)2
e− i δsA/~ 〉1/2 =
= 1
~
〈
(
A−A
)2
e+ i δsA/~ e− i δsA/~ 〉1/2 = 1
~
〈
(
A−A
)2
〉1/2 = 1
~
∆〉A .
Çäåñü ∆〉A ÿâëÿåòñÿ ñîêðàù¼ííûì îáîçíà÷åíèåì äëÿ ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ A â ñîñòîÿíèè 〉 .
àññìîòðèì òåïåðü, êàê âåä¼ò ñåáÿ â äàííîì ñëó÷àå êâàíòîâûé óãîë ∠( | δs 〉 , 〉 ) . Ïðèìåíÿÿ äëÿ íåãî îöåíêó (1),
èìååì:
∠( | δs 〉 , 〉 ) 6
∣∣∣∣∣
∫ δs
0
ω(σ) dσ
∣∣∣∣∣ = 1~ |δs|∆〉A .
Èç ýòîãî íåðàâåíñòâà âûòåêàåò
Ò å î ð å ì à. ×òîáû ïîä äåéñòâèåì ñèëüíî íåïðåðûâíîé îäíîïàðàìåòðè÷åñêîé óíèòàðíîé ãðóïïû U(δs) =
e− i δsA/~ íà÷àëüíûé âåêòîð ñîñòîÿíèÿ 〉 èçìåíèëñÿ ñóùåñòâåííî íåîáõîäèìî, ÷òîáû âûïîëíÿëîñü íåðàâåíñòâî:
|δs|∆〉A > ~ (2)
Íà ïðèìåðå øð¼äèíãåðîâñêîé ÷àñòèöû ìû óâèäèì, ÷òî ýòà òåîðåìà îêàçûâàåòñÿ òåñíî ñâÿçàííîé ñ ïðèíöèïîì
íåîïðåäåë¼ííîñòè åéçåíáåðãà, íî èìååò èíîé ñìûñë. Èìåÿ â âèäó ýòó ñâÿçü, ìîæíî íàçâàòü ýòó òåîðåìó
ïðèíöèïîì îïðåäåë¼ííîñòè.
Íåðàâåíñòâî, âûðàæàþùåå ïðèíöèï îïðåäåë¼ííîñòè, ìîæíî çàïèñàòü åù¼ ñëåäóþùèì îáðàçîì:
∆〉(δsA) > ~ (3)
Â òàêîì âèäå îíî åñòåñòâåííî ïåðåíîñèòñÿ íà ñëó÷àé, êîãäà δs è A ÿâëÿþòñÿ ìàòðèöàìè.
Ïðèìåðû
Îäíîìåðíàÿ øð¼äèíãåðîâñêàÿ ÷àñòèöà. àññìîòðèì îäíîìåðíóþøð¼äèíãåðîâñêóþ ÷àñòèöó, êîîðäèíàòà
êîòîðîé çàäà¼òñÿ ïåðåìåííîé x . Å¼ âåêòîð ñîñòîÿíèÿ ìîæåò áûòü çàïèñàí ñ ïîìîùüþ âîëíîâîé óíêöèè
ψ(x) . Â å¼ ïðîñòðàíñòâå ñîñòîÿíèé äåéñòâóåò ãðóïïà ñäâèãîâ ïî îðìóëå:
U(δx)ψ(x) = ψ(x − δx) .
Ýòà ãðóïïà ìîæåò áûòü çàïèñàíà â âèäå:
U(δx) = e− i δx P/~ , P = − i~
d
dx
.
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Ïðè ýòîì P ÿâëÿåòñÿ îïåðàòîðîì èìïóëüñà.
Ïðèìåíÿÿ ïðèíöèï îïðåäåë¼ííîñòè â îðìå (2), ïîëó÷àåì:
|δx|∆ψ(x)P > ~ .
Åñëè â êà÷åñòâå ψ(x) âçÿòü õîðîøî ëîêàëèçîâàííûé ïàêåò äåáðîéëåâñêèõ âîëí, îáðàùàþùèéñÿ â íóëü âíå
íåêîòîðîãî èíòåðâàëà l , òî èç ýòîãî íåðàâåíñòâà, â ÷àñòíîñòè, âûòåêàåò, ÷òî l > ~/∆ψ(x)P : âåäü ïðè
ñìåùåíèè ïàêåòà íà ðàññòîÿíèå l èçìåíåíèå êâàíòîâîãî óãëà äîëæíî îêàçàòüñÿ áîëüøå 1 (à èìåííî 
pi/2 ).
Òàêèì îáðàçîì, ïðèíöèï íåîïðåäåë¼ííîñòè åéçåíáåðãà, ïîíèìàåìûé â êà÷åñòâåííîì ñìûñëå, âûòåêàåò èç
ïðèíöèïà îïðåäåë¼ííîñòè.
Åñëè æå ïîíèìàòü ïðèíöèï íåîïðåäåë¼ííîñòè åéçåíáåðãà â êîëè÷åñòâåííîì ñìûñëå, â ñîîòâåòñòâèè ñ íåðàâåíñòâîì
Ïàóëè-Âåéëÿ
∆ψ(x)X∆ψ(x)P >
~
2
, (4)
òî íåïîñðåäñòâåííîé ìàòåìàòè÷åñêîé ñâÿçè ìåæäó ýòèìè ïðèíöèïàìè íåò.
Ïðè ýòîì, ñ èçè÷åñêîé òî÷êè çðåíèÿ, ïðèíöèï íåîïðåäåë¼ííîñòè åéçåíáåðãà è ïðèíöèï îïðåäåë¼ííîñòè
ÿâëÿþòñÿ êàê áû äâóìÿ òî÷êàìè çðåíèÿ íà ðàçìûòîñòü âîëíîâîãî ïàêåòà. Ïðèíöèï íåîïðåäåë¼ííîñòè åéçåíáåðãà
ãîâîðèò, ÷òî âîëíîâîé ïàêåò ÿâëÿåòñÿ ïðîòÿæ¼ííûì, ïîñêîëüêó êëàññè÷åñêîå ñîñòîÿíèå ÷àñòèöû ÿâëÿåòñÿ
ïëîõî îïðåäåë¼ííûì. Ïðèíöèï æå îïðåäåë¼ííîñòè óòâåðæäàåò, ÷òî âîëíîâîé ïàêåò ÿâëÿåòñÿ ïðîòÿæ¼ííûì,
ïîñêîëüêó êâàíòîâîå ñîñòîÿíèå ÿâëÿåòñÿ õîðîøî îïðåäåë¼ííûì.
Íà òð¼õìåðíûé ñëó÷àé ïðèíöèï îïðåäåë¼ííîñòè áåç òðóäà îáîáùàåòñÿ â îðìå (3):
∆ψ(x) ( δxi Pi ) > ~ ,
ãäå ïî i ïðåäïîëàãàåòñÿ ñóììèðîâàíèå.
Øð¼äèíãåðîâñêàÿ ÷àñòèöà íà îêðóæíîñòè. àññìîòðèì òåïåðü ïëîñêîñòü ñ äåêàðòîâûìè êîîðäèíàòàìè
x è y . Ïóñòü íà ýòîé ïëîñêîñòè çàäàíà îêðóæíîñòü x2+y2 = 1 . Íà ýòîé îêðóæíîñòè â êà÷åñòâå îäíîìåðíîé
êîîðäèíàòû ìîæíî èñïîëüçîâàòü ïîëÿðíûé óãîë ϕ , ðàññìàòðèâàåìûé ñ òî÷íîñòüþ äî 2pi .
Âåêòîð ñîñòîÿíèÿ øð¼äèíãåðîâñêîé ÷àñòèöû íà ýòîé îêðóæíîñòè ìîæåò áûòü çàïèñàí ñ ïîìîùüþ âîëíîâîé
óíêöèè ψ(ϕ) . Ïðè ýòîì ψ(ϕ+ 2pi) = ψ(ϕ) .
Â ïðîñòðàíñòâå ñîñòîÿíèé ïðè ýòîì åñòåñòâåííî îïðåäåëåíî äåéñòâèå ãðóïïû âðàùåíèé:
U(δϕ)ψ(ϕ) = ψ(ϕ− δϕ) .
Ýòà ãðóïïà ìîæåò áûòü çàïèñàíà â âèäå:
U(δϕ) = e− i δϕ J/~ , J = − i~
d
dϕ
.
Ïðè ýòîì J ÿâëÿåòñÿ îïåðàòîðîì ìîìåíòà èìïóëüñà.
Ïðèìåíåíèå ïðèíöèïà îïðåäåë¼ííîñòè íå âûçûâàåò êàêèõ-ëèáî òðóäíîñòåé:
|δϕ|∆ψ(ϕ)J > ~ .
×òî æå êàñàåòñÿ ïðèìåíåíèÿ ïðèíöèïà íåîïðåäåë¼ííîñòè, òî ïåðåíåñåíèå íåðàâåíñòâà (4) íà ýòîò ñëó÷àé
íåâîçìîæíî
1
.
Â òð¼õìåðíîì ñëó÷àå ïðèíöèï îïðåäåë¼ííîñòè òàêæå ëåãêî äà¼ò:
∆ψ(x,y,z) ( δϕi Ji ) > ~ .
1
Î ïðåäïðèíèìàâøèõñÿ ïîïûòêàõ ïðåäëîæèòü íåðàâåíñòâî, àíàëîãè÷íîå (4), ñì. [1℄.
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Ñèñòåìà ñ ãàìèëüòîíèàíîì, íå çàâèñÿùèì îò âðåìåíè. Ïóñòü òåïåðü èìååòñÿ êâàíòîâàÿ ñèñòåìà ñ
ãàìèëüòîíèàíîì H , íå çàâèñÿùèì îò âðåìåíè. Ïðè ýòîì íà ïðîñòðàíñòâå ñîñòîÿíèé îêàçûâàåòñÿ îïðåäåë¼ííûì
äåéñòâèå ãðóïïû âðåìåííûõ ñäâèãîâ:
U(δt) 〉 = e− i δt (−H)/~〉 .
Ïðèíöèï îïðåäåë¼ííîñòè â ýòîì ñëó÷àå ñðàçó äà¼ò:
|δt|∆〉H > ~ .
Åñëè ýòó îðìóëó ïðèìåíèòü, íàïðèìåð, ê îöåíêå âðåìåíè æèçíè êâàçèñòàöèîíàðíîãî ðàñïàäàþùåãîñÿ
ñîñòîÿíèÿ, òî îíà óòâåðæäàåò, ÷òî õàðàêòåðíîå âðåìÿ æèçíè ó íåãî íå ìåíåå ÷åì ïîñòîÿííàÿ Ïëàíêà,
ïîäåë¼ííàÿ íà øèðèíó ñîîòâåòñòâóþùåãî óðîâíÿ ýíåðãèè. Ïðè ýòîì âñåì òåðìèíàì ìîæíî ïðèäàòü òî÷íûé
ìàòåìàòè÷åñêèé ñìûñë.
×òî æå êàñàåòñÿ ïîïûòîê ñîðìóëèðîâàòü ïðèíöèï íåîïðåäåë¼ííîñòè åéçåíáåðãà äëÿ âåëè÷èí âðåìÿ -
ýíåðãèÿ, òî ñ òîãî âðåìåíè, êàê Áîð ïðîâîçãëàñèë òàêîé ïðèíöèï (â êà÷åñòâåííîì ñìûñëå), äëÿ óòî÷íåíèÿ åãî
ñìûñëà áûëî ïðîâåäåíî ñòîëüêî èññëåäîâàíèé è äèñêóññèé, ÷òî ïî íèì ìîæíî áûëî áû íàïèñàòü îòäåëüíûé
îáçîð. Íàñêîëüêî ìíå èçâåñòíî, ñòðîãîé îðìóëèðîâêè ïðèíöèïà íåîïðåäåë¼ííîñòè äëÿ ýòîãî ñëó÷àÿ ïîëó÷èòü
òàê è íå óäàëîñü
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.
åëÿòèâèñòñêèå ñèñòåìû. àññìîòðèì òåïåðü ïðîèçâîëüíóþ ðåëÿòèâèñòñêóþ êâàíòîâóþ ñèñòåìó. Íà å¼
ïðîñòðàíñòâå ñîñòîÿíèé äåéñòâóåò ãðóïïà Ïóàíêàðå. Ïðèìåðîì òàêîé ñèñòåìû ìîæåò ñëóæèòü ëþáîå ÊÊ-
êâàíòîâàííîå ïîëå
3
[3, 4℄. È îãðàíè÷èìñÿ çäåñü îáñóæäåíèåì ñëó÷àÿ, êîãäà ïîëå îêàçûâàåòñÿ êâàíòîâàííûì
â îáû÷íîì ãèëüáåðòîâîì ïðîñòðàíñòâå.
Â ýòîì ñëó÷àå ïðèìåíåíèå ïðèíöèïà îïðåäåë¼ííîñòè íå ñòàëêèâàåòñÿ ñ êàêèìè-ëèáî òðóäíîñòÿìè:
∆〉 (− δxµ Pµ +
1
2 δωµν Jµν ) > ~ ,
ãäå Pµ  âåêòîðíûé îïåðàòîð ýíåðãèè-èìïóëüñà, Jµν  òåíçîðíûé îïåðàòîð ÷åòûð¼õìåðíîãî ìîìåíòà
èìïóëüñà, δxµ è δωνρ  ñòàíäàðòíûå ëîãàðèìè÷åñêèå êîîðäèíàòû ãðóïïû Ïóàíêàðå.
×òî æå êàñàåòñÿ ïðèìåíåíèÿ ïðèíöèïà íåîïðåäåë¼ííîñòè åéçåíáåðãà, òî îíî âðÿä ëè âîçìîæíî. Â ïðåäûäóùåì
ïóíêòå ìû âèäåëè, ÷òî äëÿ âåëè÷èí âðåìÿ - ýíåðãèÿ ýòî âûçûâàëî áîëüøèå òðóäíîñòè.
Â ñâÿçè ñ ýòèì, óæå èç ñîîáðàæåíèé ðåëÿòèâèñòñêîé èíâàðèàíòíîñòè ÿñíî, ÷òî äàæå äëÿ êîîðäèíàò è
èìïóëüñîâ äåëî íå äîëæíî îáñòîÿòü ïðîñòî. È ýòî äåéñòâèòåëüíî òàê, ïîñêîëüêó èçâåñòíî, ÷òî âñå ïîïûòêè
ââîäèòü ïîíÿòèå êîîðäèíàò (êàê ñàìîñîïðÿæ¼ííûõ îïåðàòîðîâ íà ïðîñòðàíñòâå ñîñòîÿíèé) äëÿ ðåëÿòèâèñòñêèõ
ñèñòåì íîñÿò äîâîëüíî èñêóññòâåííûé õàðàêòåð
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